We studied complete dose-response curves for 53 odorants in the third instar larvae of Drosophila melanogaster. All odorants, except one, elicited an attraction response. Some odorants also elicited a decrease from their peak response at higher concentrations. This concentration-dependent decrease in olfactory response could be due to either desensitization or repulsion, 2 possibilities that we cannot distinguish in our current assay. We observed high variations in factors like slopes, thresholds, and peaks of responses that, in agreement with previous studies, suggest that the responses of different receptors are quite different for the similar change in concentration of various ligands. We also observed that lower attraction thresholds predicted higher peak amplitude. This suggests that if odor responses encompassed wider concentration range than can be covered by the dynamic range of a single receptor, then responses tend to be high in magnitude.
Introduction
Drosophila melanogaster offers multiple advantages for olfactory studies due to a rich repertoire of molecular and cellular tools, robust behavioral paradigms, economy of scale, short life span, and low cost of rearing (Vosshall 2007; Gerber et al. 2009 ). Drosophila larvae provide additional advantage over adult flies because they have nearly 2 orders of magnitude fewer neurons at the olfactory periphery (Stocker 2008) . In the last few decades, understanding of Drosophila olfaction has greatly expanded. The receptors, molecular signaling, development of the olfactory circuitry, and olfactory representation in both peripheral and central structures have been explored in larvae in recent years (Hallem et al. 2004; Stocker 2008; Vosshall 2008; Gerber et al. 2009 ). Apart from olfaction, olfactory conditioning in larvae has been increasingly studied over past few years (Honjo and Furukubo-Tokunaga 2005; Gerber and Stocker 2007; Khurana et al. 2009; Chen et al. 2011; Khurana et al. 2012) .
First behavioral studies (Aceves-Pina and Quinn 1979; Rodrigues 1980) measured olfactory responses of larvae in a Petri dish, where the odorant diluted in solvent was placed near one end of the plate and the solvent alone as a control at the opposite end. The half side of the plate containing odorant was considered the catchment area. This very simple assay, which is still widely used, has largely yielded attractive responses that increase as the odor concentration increases, but do not decline from peak responses (Cobb et al. 1992; Cobb and Dannet 1994; Montague et al. 2011) . Using this half-plate assay, Cobb and colleagues have conducted 2 systematic dose-response studies over limited concentration range for alcohols and acetates (Cobb et al. 1992, Cobb and Dannet 1994) . Recently, Carlson laboratory has thoroughly studied responses to pyrazines (Montague et al. 2011) . Automated tracking studies suggest active orientation of larvae to odor (Louis et al. 2008; Gomez-Marin et al. 2011; Gershow et al. 2012 ) and sampling of odors through head sweeps (Gomez-Marin et al. 2011; Gershow et al. 2012) . However, whether larvae show changes in orientation only during phases when animals slow down and perform head sweeps or if the active orientation to odor takes place while the animals are crawling remains to be addressed. Stage-specific differences and the exact mode of taxis used for orientation require further exploration, beyond the foundations laid by the recent studies from Louis and Samuel labs. Like imago, larvae exhibit dose-and concentration-dependent olfactory habituation that, unlike adults, is not Trp channel dependent (Wuttke and Tompkins 2000) , but instead in part dependent on plasticity of synapses in the antennal lobe (Larkin et al. 2010 ). Both behavioral and physiological studies have shed light on olfactory representation. Cross-adaptation experiments (Boyle and Cobb 2005) and conditioning experiments (Chen et al. 2011) followed by cross testing have been used to establish the distance in representation between 2 odors.
Apart from a few studies that systematically characterize responses to a few groups of odorants, complete doseresponse curve measurements across various functional groups are missing.
In an early study, Rodrigues (1980) showed that larvae do not closely approach some odorants at high concentrations. This avoidance zone was also observed by a study from Carlson's group, when looking at a small catchment area (Monte et al. 1989 ). This decrease in attraction response could be due to either repulsion or desensitization to the high concentration of odor. In recent years, assays using smaller catchment areas have been employed in some studies (Heimbeck et al. 1999; Khurana et al. 2009 ) that elicit a biphasic response to odorants showing decrease in response to high concentrations of some odorants (Khurana et al. 2009 ). Using a previously described assay (Khurana et al. 2009 ), we characterize complete dose-response curves of many odorants spanning different functional groups to create a useful behavioral catalog for researchers interested in larval olfaction.
Materials and methods

Larval rearing and harvesting
The Canton-S strain of D. melanogaster was reared on cornmeal, molasses, and yeast agar medium at 25 ± 1 ˚C on a 12:12 h light:dark cycle (9 AM-9 PM). To obtain third instar larvae, 100 flies were allowed to lay eggs on a well-yeasted medium for 24 h and mid-third instar larvae were obtained after 5 days (±8 h). Larvae were separated from media and maintained in Ringer solution before testing as described before (Khurana et al. 2009 ).
Odorants and solvents
The majority of odorants, hydrophobic in nature, were prepared to appropriate dilution by diluting high-purity stock chemicals in odorless liquid paraffin. Few hydrophilic odorants that do not dissolve in liquid paraffin, like acetic acid, propan-2-ol, piperitone, propionic acid, and ethanol, were dissolved in water. Most volatiles were high-purity chemicals obtained from Sigma-Aldrich. We have mentioned the name of supplier, if any other than Sigma-Aldrich in parenthesis. The catalog numbers, CAS numbers of the chemicals used, are provided in parenthesis, with the first number being the (ABT, 2088; 93-51-6) , methyl salicylate (84332; 119-36-8), 3-hexanol (W335118; 623-37-0), 4-tert-butylphenol (W391808; 98-54-4), carvone (22070; 2244-16-8), β-citronellol (C83201; 106-22-9), and 2-butanol (19440; 78-92-2). Paraffin oil, the major solvent, was also obtained from Sigma-Aldrich (M8691; 8042-47-5), whereas local water was double distilled to be used as solvent for the few hydrophilic volatiles.
Olfactory assay and response index
The olfactory test employed in this study was identical to a previous study (Khurana et al. 2009) . A schematic of all zones of olfactory assay is given in Figure 1A . To measure olfactory response, 50 larvae were briefly dried on a filter paper before being placed in the center of Petri dish. The Petri dish contained 20 µL of odor dispensed on each of the two 0.5-cm radius filter discs placed in the diametrically opposite 2 odor zones. After 2 min of placing the larvae and covering the Petri dish, the numbers of larvae in different zones were counted to calculate the response index ( Figure 1A) .
where O1 and O2 are 2 odor zones and C is the control zone that excludes central 1-cm diameter circle, where larvae are placed at the beginning of the test. For the response index used in this study, we did not do baseline subtraction. No-stimulus entry, water alone, as well as the liquid paraffin-alone-driven entry was ~22. This baseline entry of 22 is demarcated in Figure 2 with a black line.
Measuring different features of olfactory response
After obtaining the response indices for various concentrations, 3 features of attraction and decrease from peak attraction, namely the threshold, peak amplitude, and slope, were extracted from the dose-response curves. The concentration of odorant lower than the one, where we observed response significantly above the baseline, was determined to be the threshold of attraction. The concentration just lower than where maximal response started decrementing was established as the threshold of decrease from peak attraction. To accurately narrow down the threshold of attraction and repulsion, we varied the incremental size in odor dilution. Manual determination of thresholds was confirmed by the use of single and double differential analysis. Peak attraction amplitude was only calculated for volatiles where the response index reached saturation, that is, where there was a clear decrease from peak response on increasing concentration. The maximum response decrement was calculated by taking the difference in response index between the response at attraction saturation and response at log −1 dilution. We compared the slopes of attraction and decrease from peak attraction responses by using linear fits. The validity of linear tests was established by doing residual analysis, with more than 90% of data fitting for all responses.
Statistical analysis
For dose-response curve, a minimum of 20 plates, collected at the minimum on 4 separate days, were used to calculate one mean datum point. Error bars presented throughout the study are the standard deviations. Significance in the difference of 2 responses was calculated using analysis of variance. The lowest odor concentrations where olfactory responses are significantly above baseline (P < 0.05) are mentioned in the Result section, to indicate the attraction threshold, which is determined to be a concentration just lower than statistically significant inflection above the baseline response.
To explore any relation between threshold of attraction, decrease from peak attraction, and slopes of the responses, we used linear fits with 95% confidence intervals (CIs) between different variables.
Results
In this study, we obtained dose-response curves for 53 volatiles and explored the relation among different response features.
Response index and olfactory assay
To compare the olfactory responses with other assays, we simultaneously measured the response of larvae in 3 olfactory assays. The assay employed in this study ( Figure 1A ) elicits a biphasic dose-response curve, as opposed to other assays ( Figure 1B ). All 3 measurements were performed concomitantly in parallel experiments. A smooth polynomial is fitted through experimentally measured responses in all the 3 conditions. Figure 2 shows dose-response curve of all odorants tested. We observed significant variation in responses across volatiles, with 33 exhibiting only attraction, 19 both attraction and decrease from peak attraction and 1 no response at all. No attraction was observed for 1,8-cineole, though its cis-isomer 1,4-cineole was found to be weakly attractive. Not surprisingly, even the nonenantiomeric isomers, such as n-butanol and 2-butanol, elicited very different responses. In plotting these dose-response curves, no functional group criteria was employed but only the aesthetics of display. The following are the minimum log concentrations for volatiles where response was found significantly (P < 0.05) above baseline entry rate: ethyl acetate (−7), isoamyl butyrate (−7), hexyl alcohol (−4.2), ethyl benzoate (−4), ethyl butyrate (−7), butyl butyrate (−6), isoamyl formate (−5), octanal (−4), cyclohexyl acetate (−4), isoamyl acetate (−7.4), xylene (−4), isobutyl acetate (−6), propionic acid (−5.5), cyclohexane methyl acetate (−4), dimyrcetol (−2), anethole (−3), isoamyl isovalerate (−5.4), ethyl isobutyrate (−6), phenyl ethyl butyrate (−5), ethanol (−3), acetic acid (−4), carvone (−2), 1,4-cineole (−2), methanol (−4), nonyl alcohol (−3), phenol (−2.2), ethyl acetoacetate (−6), isoamyl hexanoate (−4), propan-2-ol (−3.4), ethyl phenyl acetate (−2.4), ethyl hexanoate (−2), methyl salicylate (−4), 3-hexanol (−2), piperitone (−2), isopulegol (−1), 4-tert-butylphenol (−3), ethyl valerate (−7), n-butanol (−5), 2-butanol (−4), citronellol (−1), dihydrojasmone (−4), benzyl benzoate (−4), citronellyl butyrate (−3.6), cinnamyl acetate (−1.4), acetone (−4), ethyl heptanoate (−3.4), benzaldehyde (−2), 1-decanol (−1.4), guaiacol (−3), butyl 1,2-methyl butyrate (−3), benzyl acetate (−2.4), and heptyl acetate (−2). The baseline, no-stimulus entry of 22, is marked in graph by a black line. The attraction threshold is the concentration, just below the statistically significant inflection from the baseline response.
Dose-response curves
Covarying features of response
The relation among threshold, peak amplitudes, and slopes of dose-response curves was analyzed to explore patterns Figure 3 Analysis of covarying parameters in attraction or decrease from peak attraction. Threshold and peak responses covaried for both attraction and decrease from peak attraction. Attraction slopes are correlated with peak responses but independent of threshold. The slopes of decrease from peak attraction were found to be independent of both threshold and peak responses. The dashed lines correspond to 95% CI. The linear fit is plotted in solid lines for significant trend, whereas dotted lines for lack of significant difference from zero slopes. The linear fit scores along with CI are printed on the graphs. This figure appears in color on the online version of this issue.
in responses to different odorants. We only used volatiles that elicited saturating responses of peak attraction (clear decrease from peak attraction on increasing concentration) for analysis. The slope of attraction showed a positive correlation with the peak attraction magnitude but not with the threshold. For higher attraction threshold, lesser amplitudes for peak attraction were observed. The slope of decrease from attraction was found to vary independently of their peak amplitudes and saturating concentration of attraction. We observed that for attraction and decrease from peak attraction, the lower the threshold, the higher the peak response was likely to be ( Figure 3) .
Of all possible 9 combinations of parameters of attraction and decrease from peak attraction (Figure 4) , significant trends were observed in 3 combinations (mean ± 95% CI): decrease from peak attraction versus peak attraction = 0.88 ± 0.45; decrease from peak attraction versus attraction threshold = −8.56 ± 4.46; and decrease from peak attraction threshold versus attraction threshold = 0.43 ± 0.24. All combinations pointed to 2 themes that if the attraction was strong then the decrease from attraction was likely to be strong and slopes of attraction and decrease from peak attraction varied independently of all other parameters and each other.
Brief analysis of source of odorants
Using threshold criterion, we looked at two kind of odors: strong (threshold lower than log −4.5 dilution) and weak (threshold higher than log −4.5 dilution). The weakattractant group had 24 and strong-attractant group had 29 members. In our short list of volatiles, we looked at volatiles from some common tropical fruits, flowers, green leaves, and tree barks. For comparison, we divided the odor sources into 2 groups: fruit and non-fruit sources (including flowers, leaves, and bark). We looked for number of times (hits) different odorants were found in fruit and non-fruit sources. From our literature search, for fruit sources, we obtained 18 hits for weak attractants and 34 for strong attractants (Tressl and Jennings 1972; Idstein and Schreier 1985; Chyau et al. 1992; Andrade et al. 2000; Jordan et al. 2001; Li et al. 2011) . For the non-fruit sources, we obtained 8 hits for weak odors and 3 hits for strong attractants (Lewis et al. 1988; Potter and Fagerson 1990; Zhang et al. 2000; Alipieva et al. 2003; Deng et al. 2004; Rodriguez-Saona et al. 2011 ). This cursory look suggests that odorants that are found more frequently in tropical fruits elicit a stronger attractive response. In fact, just 2 odorants, benzaldehyde and ethyl hexanoate, account for 7 out of 18 hits for fruit sources among odorants eliciting weak attraction responses. Among strong odorants, the following odors were present most frequently in fruits (with the number of hits in parenthesis): ethyl butyrate (4), ethyl acetate (4), isobutyl acetate (4), isoamyl acetate (3), n-butanol (3), hexyl alcohol (3), butyl butyrate (2), ethyl benzoate (2), isoamyl hexanoate (2), acetic acid (2), cyclohexyl acetate (1), 2-butanol (1), ethyl acetoacetate (1), xylene (1), and isoamyl butyrate (1).
Discussion
Our study provides a detailed characterization of doseresponse curves of 53 pure volatiles. We find that high concentrations of strong attractants generally result in a decrease in response from peak attraction. We observe that the slopes of responses can be vastly different, but thresholds are good predictors of peak responses. We would like to discuss our results in the context of 3 key aspects: 1) comparison with other larval studies, 2) correlation with known receptor physiology, and 3) ecological inferences.
Although we expect our study to provide a useful catalog for other researchers, given the differences in olfactory responses between different strains (Fuyama 1976; Ruebenbauer et al. 2008) , it would be advisable for researchers to explore the magnitude of responses of the particular D. melanogaster strain employed. Caution should also be practiced when extrapolating results across different olfactory tests. The test described by Shaver et al. (1998) runs for 30 min, compared with 5 min for the test described by Rodrigues (1980) . Instead of using diffusion and convection from a point source, many other designs have employed other means of odor delivery. The test used by Tully et al. (1994) uses an airflow system. Asahina et al. (2009) use a design where they use multiple point sources to create nearly linear gradients and more recent studies from Louis and Samuel labs have used very well-controlled odor presentation (Louis et al. 2008; GomezMarin et al. 2011; Gershow et al. 2012) . In Figure 1B , one can see how the modification of previous paradigms resulted in a decrease from peak attraction that could be caused by either faster desensitization to odor or saturation of concentration profile due to 2 point sources or repulsion.
It is known that D. melanogaster larvae have a small number of olfactory neurons in the sensory periphery, but due to a combinatorial coding can display a rich repertoire of olfactory responses (Kreher et al. 2008; Asahina et al. 2009 ). The dynamic range of olfactory receptors is generally 2-3 log dilutions (Kreher et al. 2008; Reisert and Restrepo 2009 ). Interestingly, a broader tuning has been observed for higher odor concentrations (Kreher et al. 2008) . In this study, varied slopes of the dose-response curves were observed, with the threshold of response being a poor predictor of the slope. This suggests that for the same change in odor concentration, different receptor and substrate combinations result in very different responses. Covariance of lower threshold with higher peak response, whether for attraction or decrease from peak attraction, suggests that if responses span more than one receptor combination then a bigger response is elicited. It is not obvious if the convergence of information from 2 information channels to the central olfactory regions at high odor concentrations plays a role in this increased response.
It is also possible that concomitant activation of both highand low-sensitivity receptors, without any convergence of odor identity information, results in the higher response.
Many early studies point to indications (though not detailed studies) of attraction of D. melanogaster and other Diptera to their food sources and conspecific odor (for review, see Cobb 2000) . A better understanding of ecological correlations exists for many species studied for applied research, such as the oriental fruit flies that grow as maggots on ripe fruits and show stronger attraction for ripe fruit odor instead of unripe fruits (Cornelius et al. 2000) . Across species comparisons have shown not just a preference for food volatiles but also specific adaptations for such behavior (de Bruyne and Baker 2008). Dekker et al. (2006) found that D. sechellia that specializes on one particular fruit has lost odorant receptor genes and has fixed point mutations in the remaining genes at a higher rate than D. simulans, which has a feeding ecology similar to D. melanogaster. By no means are our preliminary observations a substitute for a systematic ecological evaluation needed to comprehensively understand olfaction in cyclorrhaphous insects but we would like to point out that volatiles occurring in the fruits that constitute the staple diet of larvae of D. melanogaster elicit the strongest responses. A comparative analysis of larvae of Figure 4 Analysis of parameters covarying between attraction and decrease from peak attraction. Maximal decrease from peak attraction could be predicted if the attraction threshold was lower or peak attraction was high. Also the response decrement threshold was correlated with lower threshold of attraction. All other parameters varied independently. The dashed lines correspond to 95% CI. The linear fit is plotted in solid lines for significant trend, whereas dotted lines for lack of significant difference from zero slopes. The linear fit scores along with CI are printed on the graphs. This figure appears in color on the online version of this issue.
other Drosophila species that occupy different niche than occupied by D. melanogaster can provide valuable insights into the olfactory world of the fruit fly.
In summary, our complete dose-response profile of above presented 53 odorants will likely be a valuable resource for researchers interested in olfaction and olfactory conditioning of larvae. 
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